Efferent modulation has been demonstrated to be very important for speech perception, especially in the presence of noise. We examined the functional relationship between two efferent systems: the rostral and caudal efferent pathways and their individual influences on speech perception in noise. Earlier studies have shown that these two efferent mechanisms were correlated with speech perception in noise. However, previously, these mechanisms were studied in isolation, and their functional relationship with each other was not investigated. We used a correlational design to study the relationship if any, between these two mechanisms in young and old normal hearing individuals. We recorded contextdependent brainstem encoding as an index of rostral efferent function and contralateral suppression of otoacoustic emissions as an index of caudal efferent function in groups with good and poor speech perception in noise. These efferent mechanisms were analysed for their relationship with each other and with speech perception in noise. We found that the two efferent mechanisms did not show any functional relationship. Interestingly, both the efferent mechanisms correlated with speech perception in noise and they even emerged as significant predictors. Based on the data, we posit that the two efferent mechanisms function relatively independently but with a common goal of fine-tuning the afferent input and refining auditory perception in degraded listening conditions.
INTRODUCTION
Attempts to probe into the physiological mechanisms supporting speech perception in noise have revealed the importance of both afferent and efferent auditory pathways in the regulating process (Kumar and Vanaja 2004; Gilbert and Sigman 2007; Davis and Johnsrude 2007; Ziegler et al. 2009; Anderson et al. 2011; Song et al. 2011a) . While most initial studies primarily focussed on bottom-up mechanisms and highlighted their importance (Dubno et al. 1984; Batra et al. 1986; Galbraith et al. 1995; Souza et al. 2007) , later studies revealed a significant role of even efferent processing mechanisms such as phonological decoding, perceptual cognitive restoration and efferent feedback to be important in regulating auditory perception and speech in noise perception (Giraud et al. 1997a; Gilbert and Sigman 2007; Davis and Johnsrude 2007; Chandrasekaran et al. 2009; Kumar et al. 2010; Ciuman 2010; Andéol et al. 2011; Wersinger and Fuchs 2011; Parbery-Clark et al. 2011) . With specific reference to regulating mechanisms within the auditory pathway, studies have demonstrated the contribution of efferent auditory neural pathway in regulating speech perception in noise (Giraud et al. 1997a; Kumar and Vanaja 2004; Chandrasekaran et al. 2009; Strait et al. 2011; Parbery-Clark et al. 2011; Anderson et al. 2013; Mishra and Lutman 2014) .
Both caudal and rostral efferent auditory projections (efferent innervations in the rostral and caudal brainstem) have been extensively investigated for their role in modulating auditory perception in noise (Giraud et al. 1997a; May et al. 2004; Gilbert and Sigman 2007; Chandrasekaran et al. 2009; Ciuman 2010; Strait et al. 2011; Andéol et al. 2011; Wersinger and Fuchs 2011; Parbery-Clark et al. 2011) . While the caudal efferents (Medial Olivocochlear bundle-MOCB) extend from the superior olivary complex to the outer hair cells and the afferent first-order neurons (Guinan et al. 1983; Liberman et al. 1996; Guinan 2006) , the rostral efferents (cortico-thalamic and cortico-collicular) arise from the layers V and VI of the auditory cortex and innervate the inferior colliculus (Luo et al. 2008; Bajo et al. 2010; Stebbings et al. 2014 ) and medial geniculate body (Budinger et al. 2013) . The connections are also found from the medial geniculate body to inferior colliculus (Dragicevic et al. 2015; Terreros and Delano 2015; Aedo et al. 2016) .
MOCB is the most studied auditory efferent pathway (see Guinan 2006 for review). In most of the studies, the mechanism of MOCB is documented in terms of the magnitude of suppression of otoacoustic emissions in the presence of contralateral acoustic stimulation. Contralateral suppression of otoacoustic emissions (CSOAE mag ) is known to be mediated by medial olivocochlear bundle (MOCB) in humans (Berlin et al. 1993; Giraud et al. 1997b; Kumar and Vanaja 2004; Guinan 2006; Zhao and Dhar 2010) . CSOAE mag has been shown to correlate with speech perception in noise (Kumar and Vanaja 2004; de Boer and Thornton 2008; Mishra and Lutman 2014) indicating the regulatory role of MOCB in speech in noise perception. The antimasking effect resulting from the olivocochlear efferent mechanisms, fine-tunes the ascending input (Guinan 2006) through selective reduction of the cochlear amplification in the side bands. An additional effect is also seen as reduction in nerve firing rate to noises, thus increasing the dynamic range and controlling the linebusy effect. The studies using microelectrical stimulation of corticofugal efferent projections have shown that efferent connections from the cortex influence the functioning of the olivocochlear bundle León et al. 2012 ). These involve cortico-thalamocollicular-cochlear nucleus and cortico-collicular-olivary pathways (Terreros and Delano 2015) . The rostral and caudal efferent branches seem to be linked, owing to the fact that electrical activation of both causes change in the response properties of the cochlear hair cells León et al. 2012; Dragicevic et al. 2015) . Suga et al. (2002) suggested that corticofugal pathways form multiple interlinked feedback loops with the ascending auditory pathways and modulate the ascending neural input. Figure 1 shows a simplified illustration of these pathways. Gnanateja et al. (2013) showed electrophysiological evidence for modulation of auditory brainstem responses by rostral efferents. They used an oddball-like stimulus paradigm and found repetition-related enhancement of auditory brainstem responses compared to those elicited in the context of other syllables. Similar to CSOAE, the contextual brainstem encoding was found to be related to speech in noise perception. They attributed this repetition-related enhancement/contextual encoding to the efferent modulation, possibly mediated by the rostral corticofugal pathway. The human auditory system is good at detecting patterns in the auditory scene and extracts information from the relevant patterns (Bregman 1994). The repetitionrelated effect in brainstem responses leads to tagging on to regularly occurring features in speech (voice pitch) and helps in perceptually separating the competing (irrelevant) features from the auditory stream of interest. Such a phenomenon is important in a cocktail party like situation, i.e., perceiving speech in the presence of noise.
There are several other efferent neural connections (Nuñez and Malmierca 2007; Terreros and Delano 2015; Aedo et al. 2016) in the auditory system, other than those tapped by the two above-mentioned measures. However, most of those are not feasible for studying the efferent mechanisms in human beings due to their invasive nature. The two mechanisms mentioned here are the ones which can be studied in the human auditory system with relative ease noninvasively.
FIG. 1.
A simplified illustration of the descending pathways in the central auditory pathway based on Terreros and Delano (2015) (With permission). The black paths are the afferent paths and the grey paths are the efferent paths. It can be seen that there are many rich interconnections in the efferent auditory pathway. The efferent innervations originating from the cortex and the upper brainstem are operationally termed rostral efferents, and those originating in the lower brainstem are operationally termed the caudal efferents. AC auditory cortex, MGB medial geniculate body, IC inferior colliculus, SOC superior olivary complex, CN cochlear nucleus.
In summary, it appears that the corticofugal (rostral efferents) (Yan and Suga 1998; Suga et al. 2002; Chandrasekaran et al. 2009; Strait et al. 2011; Parbery-Clark et al. 2011; Gnanateja et al. 2013 ) and the medial olivocochlear pathway (caudal efferents) (Giraud et al. 1997a; Kumar and Vanaja 2004; de Boer and Thornton 2008; Andéol et al. 2011; Mishra and Lutman 2014) share a common objective of finetuning the neural responses for better speech in noise perception. However, it is not clear if the rostral and caudal efferent mechanisms function as independent entities or they work in unison and are part of the same neural network. Given the proximity and the numerous inter-connections (illustrated in Fig. 1 ) between rostral and caudal efferent pathways, it is palpable to assume at the least, that both are a part of the descending pathway serving similar efferent modulatory function. However, it would be erroneous to consider so, without experimental validation.
The relationship between the two efferent mechanisms mentioned above can be probed using a correlational study design in normal hearing individuals with good and poor speech in noise perception. It has been widely reported that older individuals have difficulty perceiving speech in the presence of noise in spite of normal peripheral hearing sensitivity (Crandell et al. 1991; Anderson et al. 2012) . Age-related deterioration is also observed in neurophysiological measures of efferent and afferent auditory function (Parthasarathy 2001; Anderson et al. 2012; Lauer et al. 2012; Bidelman et al. 2014 inter alia) . Examining the efferent modulatory mechanisms and speech perception in noise in young and older individuals with normal hearing sensitivity would aid in understanding these mechanisms better. We also focussed on the relative contribution of these efferent mechanisms to speech perception in noise. The findings would also be valuable in making clinically relevant decisions in selecting assessment tools for efferent auditory function. In the current study, we used the contextual brainstem encoding and CSOAE mag as non-invasive tools to index rostral and caudal efferent modulatory mechanisms, respectively. We assessed these measures for their correlation with each other and with speech perception in noise. We compared the context-dependent speech evoked auditory brainstem responses, contralateral suppression of otoacoustic emissions and speech perception in noise between adults and older individuals with normal hearing sensitivity. We also assessed the inter-relationship among context-dependent speech evoked auditory brainstem responses, efferent suppression of otoacoustic emission and speech perception in noise.
MATERIALS AND METHODS

Participants
A total of 56 adults participated in the present study. All the participants resided in-and-around Mysore district in Karnataka and were fluent speakers of the Kannada language. They had a minimum educational qualification of tenth grade. All the participants had hearing thresholds below 15 dB hearing level at octave frequencies from 250 Hz through 8000 Hz. We also measured transient evoked otoacoustic emissions to assess cochlear functioning. This was done to ensure that the findings of the study are not affected by peripheral hearing status of the participants. We also ruled out the presence of hypertension, diabetes and other neurological and psychological problems through a structured interview with the participants. Based on their age, we assigned the participants to either 'older' or 'younger' group. The older group consisted of 29 participants in the age range of 50 to 65 years, while the younger group consisted of 27 participants in the age range of 18 to 30 years. All the participants signed an informed consent form, and the procedures used in the study conformed to the ethical guidelines for bio-behavioural research involving human subjects by the All India Institute of Speech and Hearing, Mysuru (Venkatesan 2009). All the procedures adopted were in line with the declaration of Helsinki (World Medical Association 2013).
Speech Perception in Noise
The signal to noise ratio needed for obtaining 50 % (SNR-50) speech identification scores in the presence of noise was evaluated. SNR-50 for Kannada sentences was evaluated for all the participants using 'speech perception in noise test-Kannada' (Methi et al. 2009 ). The material consisted of Kannada sentences spoken by a male speaker and multi talker (Eight talkers) babble as the background noise. The test consists of seven equivalent lists of seven sentences each. The sentences were presented at SNRs of +20 to −10 dB in steps of 5 dB. These sentences were presented through circumaural Sennheisser HDA200 headphones driven by a standard sound card of an Acer 4820T notebook PC at an intensity of 40 dB HL. Only the left ear of each participant was tested. Only the List 2 of the test was used in the study, to avoid any extraneous effect of list differences on the SNR-50, if any. The total number of words repeated correctly by each participant was noted down, and the SNR-50 was calculated based on the Spearman-Karber equation (eq. 1) metric (Finney 1952; Tillman and Olsen 1973) : SNR 50 ¼ 22:5−total number of words correct ð1Þ
Generation and Presentation of Stimuli. Consonant-vowel (CV) syllables /bi/, /bu/, /gi/ and /da/ were chosen to elicit auditory brainstem responses. The syllable /da/ was the stimulus of interest, while the others served only as the contextual stimuli. The contextual stimuli were chosen such that they differed from the /da/ syllable in terms of the vowel, stop burst and the second formant transition (cueing place of articulation). An adult male who was a native speaker of Kannada uttered the chosen CV syllables. The utterances were recorded using a dynamic microphone placed at a distance of six inches from the speaker's mouth. The microphone output was routed to the Stim 2 hardware (Compumedics-Neuroscan, Charlotte, NC, USA) and recorded with a resolution of 16 bits at a sampling rate of 44,100 Hz in the Sound module of the Stim 2 software suite. The syllables were trimmed to a duration of 100 ms by deleting the vowel cycles beyond 100 ms at the nearest zero-crossing. The recorded syllables were initially analysed using Speech Processing and Synthesis toolboxes (Childers 1999) incorporating a linear predictive coding algorithm. This was done in order to extract and modify the different acoustic parameters independently. The modified linear predictive coding parameters were then used to synthesize the CV stimuli of 100 ms using the toolboxes. These synthetic speech syllables /ba/, /bu/, /gi/ and /da/ were subjected to a perceptual rating for naturalness and quality by 10 sophisticated listeners with normal hearing. Based on the ratings of the listeners, linear predictive coding parameters were modified to resynthesize the stimuli with higher naturalness. The waveforms, spectrograms and acoustic parameters of the four stimuli are shown in Figure 2 .
Brainstem responses were recorded in two different paradigms: one repetitive paradigm and the other variable paradigm. The repetitive paradigm involved repetitive presentation of only the /da/ syllable for 6114 sweeps. The variable paradigm involved the presentation of the /da/ syllable in the context of the stimuli /bi/, /bu/ and /gi/. Each stimulus in the variable paradigm had a frequency of occurrence of 25 % of the total 6114 stimulus presentations. Two blocks each of the repetitive and variable paradigm were presented, resulting in a total of 12,228 sweeps per paradigm. The order of these four blocks was randomized across the participants. Stimulus presentation was controlled in the Gentask module of the Stim 2 system (Compumedics-Neuroscan, Charlotte, NC, USA). The stimulus presentation sequence was prepared such that two /da/ syllables never occurred consecutively. A schematic representation of the two paradigms is depicted in Figure 3 . The stimuli were presented in an alternating polarity through shielded ER-3A (Etymotic Research, Elk Grove Village, USA) insert ear phones (Neuroscan, El paso, Texas) at an intensity of 85 dB sound pressure level monaurally to the left ear of the participants at an inter-stimulus interval of 166.67 ms. Additionally, using a watermelon model, it was ensured that stimulus artifacts were not picked up by the recording apparatus, even when the electrode wire was in contact with the insert ear phone. Recording of AEPs. The participants were made to sit in a reclining chair and ensured for their comfort. During the course of the experiment, participants were shown a captioned movie of their choice. This was done to maintain a passive, yet wakeful state. The scalp EEG responses were picked up from the Cz electrode site using a 64 channel QuickCap™ (Compumedics-Neuroscan, Charlotte, NC, USA) with AgCl sintered electrodes. The electrode cap was adjusted to position the electrodes on the scalp according to the 10-10 EEG placement system (Chatrian et al. 1985) . The right ear mastoid was used as the reference channel. The raw EEG output of the electrode cap was recorded in the Acquire module of the Scan 4.4 suite (Compumedics-Neuroscan, Charlotte, NC, USA) interfaced by a Synamps 2 DC preamplifier. This was then lowpass filtered at the preamplifier with a cutoff of 3500 Hz and converted into a digital signal at a sampling rate of 20,000 Hz in the amplifier. The raw EEG responses were later analysed offline in the Neuroscan Edit 4.4 module (CompumedicsNeuroscan, Charlotte, NC, USA).
Response Analysis. The continuous raw EEG of every participant in each paradigm was subjected to offline processing to extract the averaged brainstem responses time locked to the /da/ syllable in the repetitive and variable paradigms separately. In the offline processing of ABR, to begin with, the raw EEGs were band-pass filtered using an FIR filter with an 80 Hz highpass cutoff and a 1500 Hz lowpass cutoff, each with a slope of 12 dB/octave. The responses to the /da/ syllable in both the paradigms were isolated from those of the other stimuli by extracting the epochs time locked to the /da/ stimulus. The epochs time locked to the three contextual syllables were not considered for analysis. The epochs in the repetitive paradigm corresponding to the order of occurrence of the contextual syllables were discarded. Epochs with peak amplitudes exceeding ±35 μV were rejected, and the rest of the epochs were considered for further analysis. After artifact rejection in the variable paradigm, the sequence of rejected and accepted epochs was used as a template to reject the corresponding epochs in the repetitive paradigm and vice versa (as done in Chandrasekaran et al. 2009; Parbery-Clark et al. 2011) . For example, if the response to the /da/ as the 12th stimulus in the variable paradigm was rejected, then the response to the 12th /da/ stimulus in the repetitive paradigm was also rejected. This was done in order to control the effect of variations in stimulus presentation order if any, neural refractoriness and number of sweeps. The epochs were then averaged in the time domain to obtain brainstem responses of good signal to noise ratio and free from stimulus order effects.
The averaged brainstem responses were subjected to spectral analysis to analyse the amplitudes at the spectral components corresponding to the fundamental frequency (F0 = 100 Hz), second Harmonic (H2 = 200 Hz) and third Harmonic (H3 = 300 Hz) of the stimulus. This was done in a custom written program in Matlab 2010 (Mathworks Inc., Natick USA). The waveforms were windowed from 20 to 110 ms using a 10 % tapered Tukey window and zeropadded up to a total duration of 1 s to increase the spectral resolution to 1 Hz. The zero-padded waveforms were then subjected to a fast Fourier transform. The magnitudes at F0 (100 Hz), H2 (200 Hz) and H3 (300 Hz) were then analysed by averaging the magnitudes of ten bins (1 Hz wide) around the F0, H2 and H3 frequencies. These spectral magnitudes were used as the index of brainstem encoding and were subjected to statistical analyses.
Contralateral Suppression of Otoacoustic Emissions
Participants were made to sit on a comfortable chair in a sound-treated room. Oto-acoustic emissions were recorded in an ILO 292-USBII (Otodynamics, Hatfield Herts) system with ILO V6 software. The probe apparatus with an appropriate-sized tip was positioned in the left ear canal. The probe fit was adjusted to ensure that a click stimulus presented at 70 dB pkSPL in the ear had a single peak followed by a single trough with no ringing trail. It was also ensured that the spectrum of click in the ear had relatively flat frequency spectrum across all frequencies. A total of 260 click-trains presented at 70 dB pkSPL served as the test stimuli for evoking transient evoked otoacoustic emissions (TEOAE). Each stimulus train consisted of 4 tokens of 80 μs broadband clicks. The TEOAEs recorded were averaged in two buffers separately such that the odd numbered stimuli were stored in one buffer and the even numbered in the other. The TEOAEs were compared between the groups to ensure that the cochlear functioning did not vary between the two groups.
White noise presented in the right (contralateral) ear served to trigger contralateral suppression. The noise was generated in Adobe Audition version 3.0 and presented to the contralateral ear through Sennheisser HDA200 headphones. The noise was calibrated to produce 40 dB SPL in a 6cc test cavity. In each participant, the middle ear admittance was monitored when the suppressor noise was presented to the contralateral ear, before recording the TEOAEs. This was done to ensure that the TEOAE suppression magnitude was not contaminated by the middle ear muscle reflexes. The TEOAEs were measured in two conditions; with contralateral acoustic stimulus (CAS) condition and a no-CAS condition. The white noise suppressor was presented to the contralateral ear in the CAS condition, while no suppressor was presented in the contralateral ear in the no-CAS condition. The order of TEOAE recording in the two conditions was randomized across the participants. The TEOAEs in the two conditions were recorded twice and averaged separately. The corresponding averaged amplitudes were used for further analysis. A gap of 2 min was given between two consecutive TEOAE recordings.
TEOAEs were analysed offline using the Kresge Echomaster software version 4.0 (Han Wen, 1988-Kresge Hearing Research Laboratory). The software allowed us to analyse the TEOAEs over a specified time scale. The suppression magnitude was analysed in the latency region of 8 to 20 ms post-stimulus onset to minimize the artifactual interference of stimulus ringing. The suppression magnitude was calculated using equation 2.
Here, CSOAE mag is the magnitude of contralateral suppression of OAE in dB (RMS). Subscripts in eq. 2 indicate the without and with contralateral noise conditions. Subscript 
RESULTS
To begin with, it was important in the present study to ensure that the peripheral mechanisms are comparable between the two participant groups, prior to any inferences about the central or efferent mechanisms. Therefore, the global OAE amplitudes in quiet in the two groups were compared using independent t test (two-tailed), and the results showed that there was no statistically significant difference between the two groups [t (54) = 1.021, P = 0.312].
Speech Perception in Noise
The mean SNR-50, i.e., the signal-to noise ratio required to perceive 50 % of the sentences presented, is shown in Figure 4 . It can be seen from the figure that the mean SNR-50 was lower in the younger group than the older group. An independent t test showed that the difference in mean SNR-50 between the two groups was statistically significant [t (54) = −10.132, P G 0.001].
FIG. 4.
Mean SNR-50 in the two groups. Error bars represent 95 % confidence interval of mean. The older group had higher mean SNR-50 than the younger group. Lower SNR-50 indicates better speech perception in noise and also greater tolerance to disruptive effects of noise.
Context-Dependent Brainstem Encoding of Speech
The repetitive paradigm in the younger group yielded larger mean spectral magnitudes at F0, while there were smaller mean differences in H2 and H3. Also, smaller mean differences were seen in the older group at the three frequencies. To check whether these differences observed were statistically significant, we performed a multivariate repeated measures analysis of variance on the spectral magnitudes (F0, H2 and H3 taken together) of ABR with stimulus paradigm (repetitive vs variable) and group (younger vs older) as within and between-subject factors, respectively. There was a significant main effect of group [F (3,52) = 4.589, P G 0.01] on the spectral magnitudes, while there was no significant main effect of paradigm [F (3,52) = 2.241, P = 0.094]. However, there was a significant interaction [F (3,52) = 3.892, P = 0.01] between group and paradigm. Hence, we used two-tailed paired t tests to compare the spectral magnitudes between paradigms separately in the two groups. Results of paired t tests in the younger group showed a significant effect of paradigm on the spectral magnitudes at F0 Figure 5 shows the data of contextual brainstem encoding in the two groups.
Contralateral Suppression of Otoacoustic Emissions
We examined the CSOAE mag by subtracting the magnitude of OAE recorded with contralateral noise from the magnitude of OAE recorded without contralateral noise (equation 2). The mean CSOAE mag in the two groups can be seen in Figure 6 . We found that the mean CSOAE mag was higher in the younger group than the older group. An independent t test applied to this data showed that younger group had significantly [t (54) = 5.279, P G 0.001] higher CSOAE mag than the older group.
Relation Among Efferent Mechanisms and Speech Perception in Noise
Based on the above findings, we considered the CSOAE mag and contextual effect at F0 as indices of efferent functioning. We derived the contextual effect at F0 by subtracting the spectral magnitudes in the variable paradigm from those in the repetitive paradigm. Within-group Pearson's product-moment correlation coefficient was calculated between the contextual effect at F0, CSOAE mag and the SNR-50. An additional partial correlation was done while controlling for the FFR spectral magnitudes in variable paradigm. The scatter plots and the correlation coefficients are shown in Figure 7 . CSOAE mag correlated negatively with SNR-50 in the elder group and not in the younger group. SNR-50 correlated negatively with contextual effect at F0 in the younger group, and not in the older group. The correlation coefficients continued to remain significant even after the effects of the FFR spectral magnitudes recorded in the variable paradigm were controlled using partial correlation. The two efferent indices did not show any significant correlation with each other.
To estimate the relative contribution of the two efferent mechanisms to speech perception in noise, we carried out a multiple linear regression Figure 8 .
An important result is that the afferent indices did not significantly predict the SNR-50 in both the groups. CSOAE mag and contextual effect at F0 continued to predict the speech perception in noise even after adding the index of the afferent processing as one of the predictors. Asterisks show significant pairs with significant correlation at 0.05 level of significance. Removal of the outlier in the elder group changed the CSOAE to SNR-50 correlation coefficient by −0.005, and the CSOAE to contextual effect of ABR by +0.1 (P still not significant); hence, the data was retained. Figure depicting the results of within-group multiple linear regression predicting the speech in noise perception based on the efferent modulation measures. IF0 indicates the afferent index of processing, i.e., the spectral magnitude at F0 in the variable paradigm. The thick arrows connect the significant predictors of speech perception in noise and corresponding numbers indicate the standardized regression coefficients. The thin arrows connecting to SNR-50 indicate that they were not significant predictors and the corresponding numbers indicate the standardized regression coefficients. An additional multiple linear regression on the data pooled across groups shows that the model significantly predicted SNR-50 (r 2 = 0.622, adjusted r 2 = 0.600). CSOAE mag (β = −0.565, P G 0.05) predicted SNR-50 maximally followed by contextual effect at F0 (β = −0.-0.482, P G 0.05) followed by spectral magnitude at F0 in the variable paradigm (β = −0.272, P G 0.05).
FIG. 8.
DISCUSSION
To our knowledge, this is the first study investigating the inter-relationship between the two efferent mechanisms functioning at the brainstem and their differential contribution to the perception of speech in the presence of noise in humans. The findings show that both the measures of efferent processing significantly predicted speech perception in noise despite lack of relationship between the two measures with each other. The findings are discussed in detail in the subsequent sections.
Speech Perception in Noise in the Younger and the Older Groups
Because speech perception in noise co varies with the efferent mechanisms (Anderson et al. 2010; Strait et al. 2011; Parbery-Clark et al. 2011) , it was important in our study to have at least two groups: one with good speech perception in noise and the other with poor speech perception in noise. We considered an older and a younger group with an a priori assumption supported by literature (Crandell et al. 1991; Pichora-Fuller and Souza 2003) that individuals in the former group would have poorer speech perception in noise compared to the latter group. The results of our study showed that speech perception in noise scores were significantly poorer in older group, in line with the assumption made and earlier studies in literature. The older group in the study needed significantly higher signal to noise ratio to perceive 50 % of the sentences presented when compared to the younger group. We ensured that the older group did not have any significant compromise of peripheral hearing that could have affected their speech perception in noise. Therefore, deficit in older group could be attributed to possible reduction in neural efficiency (Vander Werff and Burns 2011) or decline in cognitive abilities (Pichora-Fuller and Souza 2003) including possible reduction in efficiencies of efferent mechanisms. In the present study, we primarily focussed on two efferent mechanisms (rostral and caudal efferent functioning) which we expected would vary between the two study groups considering their role in speech perception in noise.
Acoustic Context Modulates Brainstem Encoding
We compared the brainstem responses to a repetitively presented syllable /da/ with those obtained using the syllable /da/ embedded in a stream of three other syllables. Results showed better encoding of the F0 (pitch) in the repetitive paradigm. This is consistent with the findings of previous studies Parbery-Clark et al. 2011; Gnanateja et al. 2013) wherein it was found that when a sound is presented repetitively, central auditory system can easily predict the next incoming sound based on the on-going sound statistics and can amplify the neural encoding of the incoming sound. This repetition-related enhancement of the brainstem responses has been attributed to the efferent mechanisms of the auditory system, Gao and Suga (1998) used the term 'egocentric selection' to explain this process, and demonstrated the role of corticofugal (rostral efferents) modulation in egocentric selection seen in the collicular neurons. Evidence of this egocentric selection at the inferior colliculus has also been demonstrated by Yan and Suga (1998) . As the primary generator of the scalp recorded frequency following portion of the auditory brainstem response is the inferior colliculus, the repetition-related enhancement in the brainstem responses found in our study could be attributed to the rostral efferent-mediated modulation of the collicular neurons.
Skoe and Kraus (2010) showed enhancement in the spectral magnitudes of scalp recorded brainstem responses to predictive stimuli (repetitive stimuli being the most predictive). They postulated that this enhancement is a result of the feedback from the cortical centres, which enhances the responses of the sub-cortical nuclei to predictable or behaviourally relevant stimuli. They concluded that the enhancement is not only seen for repeated stimuli but also seen for contextually predictable stimuli (tones in a melody in their study). This emphasizes that the enhancement seen in the brainstem responses serves a behaviourally relevant function. The enhancement seen is not a result of long-term experience related plasticity but is a result of online modulation (Krishnan and Gandour 2009; Strait et al. 2011; Song et al. 2011b ). The rostral efferent system is involved in shaping the neural responses in an online fashion as well, over a longer period, based on behaviourally relevant experiences. The modulation effect seen in the current study can be attributed to the online modulatory role of the rostral efferent networks innervating the inferior colliculus.
We found repetition-induced enhancement in the younger group and not in the older group. Chandrasekaran et al. (2009) found reduced repetition-induced enhancement in individuals with dyslexia which correlated with auditory processing difficulties in them. We found a similar result in aged individuals. Ageing is often associated with auditory perceptual difficulties (Pichora-Fuller and Souza 2003; Anderson et al. 2012; Lauer et al. 2012) attributable to decline in the functioning of the afferent as well as efferent functioning in the auditory and other sensory systems (Boyce and Shone 2006; Owsley 2011; Dagnelie 2013). The deficient contextu-al brainstem encoding in these individuals, as found in our study, is possibly related to their auditory perceptual deficits (poor speech perception in noise). The decline in efferent functioning consequent to ageing is further supported by Lauer et al. (2012) who found an altered pattern of efferent innervation in aged auditory systems. The reduced contextual brainstem encoding indicates affected rostral efferent functioning in the older group. Our study is the first study reporting the affected rostral efferent functioning in humans attributed to ageing without any evident peripheral hearing deficits.
Medial Olivocochlear Functioning in the Older Individuals
The contralateral suppression of otoacoustic emissions has been an important physiological measure to assess the medial olivocochlear pathway (caudal efferents) and has been shown to correlate well with speech perception in noise (Giraud et al. 1997a; Kumar and Vanaja 2004; de Boer and Thornton 2008) . The CSOAE mag was higher in the younger group than the older group in the current study. This was consistent with the previous findings of reduced CSOAE mag in aged individuals (Parthasarathy 2001; Kim et al. 2006; Mukari and Mamat 2008) . This finding was seen despite equivalent peripheral hearing sensitivity or similar baseline OAE levels in the two groups. The reduced CSOAE mag could be attributed to age-related decline in the functioning of caudal efferent pathway. The normal MOCB helps in auditory perception by modulating the responses in the auditory nerve and causing an anti-masking phenomenon, which helps in enhancing the on-going signal in the presence of noise (Giraud et al. 1997b; Liberman and Guinan 1998) . This caudal modulatory mechanism was found to be impaired in the older group, probably being one of the factors affecting auditory perception.
Speech Perception in Noise Correlates with Measures of Rostral and Caudal Efferent Network Function
Speech perception abilities varied as a function of both contextual effects in brainstem responses and the CSOAE suppression magnitude. The two efferent measures emerged as significant predictors of speech perception in noise, which emphasize their role in adaptive fine-tuning of signals in degraded listening conditions. This is in agreement with the findings of the previous studies, which have shown the effect of MOCB (Kumar and Vanaja 2004; Mukari and Mamat 2008; de Boer and Thornton 2008; Mishra and Lutman 2014) and rostral efferents (Chandrasekaran et al. 2009; Strait et al. 2011 ) on speech perception in noise.
The caudal efferents predicted speech perception in noise in the older group. On the other hand, the rostral efferents predicted speech perception in noise in the younger group. The mechanisms by which the rostral and caudal efferents modulate the afferent input might be driving this finding. The caudal efferents modulate the afferent input by increasing the dynamic range of the afferent hair cell receptor by suppressing the cochlear amplifier gain (see Guinan 2006 for a detailed review). This effect is frequencyspecific in nature, and thus applies to the frequency of interest. The rostral efferents function by shifting the best frequency of the other neurons to the frequency of interest (repetitive stimulus in this case), and also suppress the activity of the neurons tuned to the other frequencies . The repetition-related enhancement has an important role to play in speech perception in noise. In a noisy situation, a listener tends to analyse the sound scene and tag onto repetitively occurring features in the target speech. The repetitively occurring voice features are crucial for object formation and sound stream segregation. The rostral efferents help in extracting speech from the background by voice-tagging which is achieved by analysing the ongoing sound statistics and targeting the repetitively occurring voice features in the sound stream. The effects of the rostral and caudal efferents in modulating the afferent input are different in terms of function and happen at two different levels in the hierarchy (peripheral and central) of the auditory system. Based on the results of the current study, the phenomenon of enhancement of brainstem-neural representation associated with repetitively presented stimuli is impaired in the older group. As this effect itself was not present in the older group, the derived index was not correlated with the speech perception. It can be hypothesized that in a normal auditory system, the efferent systems function in unison, and the effect of the caudal efferents might be masked by the other efferents. In the normal auditory system, the rostral efferents possibly have a more significant role in modulating the afferent input than the caudal efferents. When the rostral efferents are affected (as seen in the older group), the caudal efferents seem to emerge as the significant modulatory mechanisms.
However, these efferent effects have been studied in isolation and therefore the relative weightage of each is not known. In our study, we showed that the relative importance of the efferent modulatory control by the caudal efferent networks is greater than the modulatory control by the rostral efferent networks for speech perception in noise. Our data also shows that decline in neural fine-tuning abilities, modulated by the rostral and caudal pathways, correlates with poorer speech perception in degraded listening situations seen in the older individuals.
Relationship Between Measures of Rostral and Caudal Efferent Modulation
In the current study, the contextual brainstem encoding indexed the functioning of rostral efferent pathway while the CSOAE mag indexed the functioning of caudal efferent pathway. The older group had absent contextual brainstem encoding and reduced CSOAE magnitude suggesting affected rostral and caudal efferent functioning, respectively. However, there was a lack of correlation between indices of the two different pathways in both the groups. This suggests that the two efferent control systems function relatively independent of each other. This was true in spite of both being significant predictors of speech perception in noise. Though both the inferior colliculus and medial superior olivary complex receive innervations from the auditory cortex (Giard et al. 1994; Gao and Suga 1998; Yan and Suga 1998; Perrot et al. 2006; Suga 2012) , the results suggest that the efferent effects on the two nuclei do not follow the same pattern.
Earlier, we had predicted that caudal efferent branches and the rostral efferent branches might be functionally linked, owing to the fact that electrical activation of both changes the response properties of the cochlear hair cells (Groff and Liberman 2003; Perrot et al. 2006) . The prediction was also based on the presence of multiple interlinked feedback loops (see Fig. 1 ), of the corticofugal projections via the rostral and caudal efferent connections to the ascending auditory pathways reported in various studies (Dragicevic et al. 2015; Terreros and Delano 2015; Aedo et al. 2016) which are known to modulate the ascending neural input.
However, from our data, it can be construed that the corticofugal connections to the collicular and MSOC neurons are not functionally correlated. It is possible that the cortifugal connections to the MSOC neurons functionally bypass the collicular neurons. The multi-level cortical modulatory control on the brainstem seems to be associated to separate processes in the auditory system. The MOCB (caudal) efferent pathways typically function as inhibitory mechanisms to enhance signal to noise ratio and increase the dynamic range (Scharf et al. 1997; Tan et al. 2008; Perrot and Collet 2014) . The rostral efferent networks on the other hand enhance the neural encoding by selectively amplifying the afferent neural input by shifting the best frequency of the neurons to match the afferent input (augmented neural representation) and an associated inhibition of the undesired neural input (Zhang and Suga 1997). The efferent fine-tuning by the anti-masking effect of the MSOC is a predominantly inhibition based process while the rostral efferent modulation is associated with predominantly amplification based process associated with neural inhibition as well.
On similar lines, Dragicevic et al. (2015) showed that the cortico-fugal efferent modulation of the peripheral nerve input and the outer hair cells were not correlated. Studies incorporating invasive cortical activation/inactivation to study efferent effect on the subcortical functioning show conflicting evidences when the effect is compared between collicular and olivocochlear processing. Perrot et al. 2006 found reduced OAE amplitudes following cortical activation, while Zhang and Suga (1997) found reduced collicular responses following cortical inactivation. These data combined with ours helps us deduce that the rostral and olivocochlear (caudal) efferent networks function in separate ways and are age-dependent. However, both the systems appear to have a final goal of facilitating the encoding of the desired sound input. Interestingly, the effect of age showed patterns on the two efferent systems.
In contrast to the findings of our study, de Boer et al. (2012) found that larger CSOAE was associated with poorer speech discrimination and greater noise related latency shifts in the ABR. The methods used in our study in terms of speech perception were very different (syllable discrimination vs sentence identification) than the de Boer et al. study. Additionally, the ABR was used as a measure of afferent function (ipsilateral noise effects on ABR) than the efferent function (context-dependence) as measured in the current study. Thus, it may be suggested that the efferent and afferent related effects might be related to the measures adopted to study these functions. There is a need to explore more such measures to evaluate efferent and afferent functioning to understand such neurophysiological processes in the human auditory system comprehensively.
Relationship Between Altered Afferent Function and the Efferent Measures
The FFRs were significantly lower in amplitude in the older group compared to the younger group. This suggests that the two groups were different in terms of the afferent neural functioning. The measures of efferent functioning considered in the study could have been at least in part be affected by the altered afferent neural input. This factor, however, could not be controlled unlike those in near field animal studies where the function of the efferent pathway can be clearly traced. This being a study in humans we had to work with this limitation. The readers of the article are thus cautioned to interpret the results of the data with this limitation. Notwithstanding the limitation, it can be seen in the Figure 8 that the afferent index (F0 spectral magnitude in the variable paradigm) did not significantly predict SNR-50. This suggests that the trend in the indices of the efferent mechanisms is not due to afferent effects on the efferent functioning. Additionally, we would like to acknowledge that we do not strongly imply mechanistic determinism based on our data; rather, we draw our interpretations based on theoretically driven statistical treatment of the data. Limitations and Caveats. Generalization of these findings may be done with a few caveats. Enhanced amplitudes of OAE (Giard et al. 1994 ) and changes in amplitudes in the brainstem frequency following responses (Galbraith and Doan 1995; Galbraith et al. 2003; Lehmann and Schönwiesner 2014) have been shown during active attention tasks. This suggests that attention plays an important role in the rostral efferent modulatory control over the afferent input. We did not employ any active attention tasks in our study. In fact, the participants were shown a movie during the experimental evaluation. Thus, the differential functional relationship between the rostral and caudal efferent networks may or may not follow the same independent trend as seen in the current study. It would be very intriguing to see the effect of attention on the contextual brainstem encoding and its relationship if any with attention effects on the CSOAE. If any relationship is seen, then it can be hypothesized that attention acts as a bridge between these layers of modulatory control.
Further, it should be noted that the differential effects (Fig. 8) of age on the two efferent measures were obscured when data was pooled across agegroups (data in Fig. 8 caption) . Thus, an experimental design where pooled data is analysed may lead to slightly different interpretations than those in the current study.
CONCLUSIONS
From our findings, we propose that both rostral and caudal efferent control mechanisms are functionally important for fine-tuning the neural encoding of input speech stream. This fine-tuning is functionally relevant for the segregation of the desired speech from the background. These two mechanisms, however, are relatively independent of each other, and we also found that the medial olivocochlear (caudal) modulation plays a greater role in speech in noise perception than the rostral efferent modulation in the older individuals, while in the younger group, rostral efferent modulation plays a greater role in speech perception than the caudal efferent modulation.
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